Abstract: Surfactant flooding is an important process for enhanced oil recovery. A substantial amount of remaining oil resides in reservoirs especially in carbonate oil reservoirs that have low primary and water-flood oil recovery. Most of the surfactant flooding studies to date has been performed in water-wet sandstone reservoirs. As a result, the effects of heterogeneity and wettability of carbonates on surfactant flooding efficiency are fairly unknown. The purpose of this simulation study was to determine the effects of wettability and wettability alteration on Dodecylbenzene Sulfonate surfactant flooding in carbonate reservoirs. This study used the multi-phase, multi-component, surfactant flooding simulator called UTCHEM. The base case results showed that additional 27.8% of oil recovered after water-flooding process. Sensitivity analyses of key parameters such as chemical slug size and concentrations, salinity, reservoir heterogeneity and surfactant adsorption were performed to optimize a surfactant design for a mixed-wet dolomite reservoir. The study was then extended to simulating wettability alteration during the field scale surfactant flood. The results of modeling the wettability alteration showed that significant differences in injectivity and oil recovery are caused by the changes in the mobility of the injected fluid. As the use of surfactant flooding spreads into the reservoir especially oil-wet and mixed-wet reservoirs, the importance of surfactant-based wettability alteration will become important.
INTRODUCTION
Surfactant flooding is an important technology for enhanced oil recovery. A substantial amount of remaining oil resides in reservoirs, many of these are carbonate reservoirs that have low primary and water-flood recovery as a result of poor sweep efficiency that has resulted in bypassed or unswept oil. Chemical flooding methods such as surfactant flooding have been shown to be effective in recovering this unswept oil. The basis for surfactant flood is to inject a surface-active agent (a surfactant) to reduce the interfacial tension and mobilize the residual oil saturation.
A few of the many examples of technically successful surfactant field projects reported in the literature. Gilliland and Conley [1] reported a pilot test for the Big Muddy Field in Wyoming. The reservoir was low-pressure wateredout sandstone with reasonably high remaining oil saturation and successfully increased the oil cut from 1% to 19% during peak production. Bragg et al. [2] reported results for a pilot test at Exxon's Loudon Field in Illinois. The field test was conducted in a watered-out portion of a sandstone reservoir. They were able to produce 60% of the residual oil saturation in spite of the high-salinity formation brine. Bae [ 3] reported a flooding project in Chevron's Glenn Pool Field in Oklahoma. They produced one-third of the residual *Address correspondence to this author at the Department of Chemical and Biochemical Engineering, Dongguk University, 3-26, Pil-Dong, Chung-gu, Seoul, 100-715, Korea; Tel: +82-10-8320-2711; Fax: +82-2-2266-1848; E-mail: r-wan@petroleum.utm.my oil saturation from shallow, low-permeability sandstone. Putz et al. [4] reported results for a micro-emulsion pilot in the Chateaurenard field. They report 68% of the residual oil was recovered in this pilot. Holm and Robertson [5] and Widmeyer et al. [6] also reported successful pilot tests.
One example of a surfactant flooding project in a carbonate reservoir was reported by Adams et al. [7] . They presented a flooding pilot test for two well pairs in a San Andreas dolomite reservoir in West Texas. Based on a tracer test, the residual oil saturation to surfactant flooding was 7.5% for one of the well pairs and 18% for the other. The key reservoir properties affecting the surfactant flood were the heterogeneity and high salinity. This project is one of the few that studies surfactant flooding in a carbonate setting.
Oil recovery during surfactant flooding is heavily impacted by the petrophysical and petrochemical properties controlled by the wettability of a reservoir. Historically, all petroleum reservoirs were said to be strongly water-wet. This theory is based on the fact that all clean sedimentary rocks are strongly water-wet and reservoir rocks are created during sediment deposition amongst an aqueous phase [8] . In the 1930s, this theory was questioned and evidence showed that the wettability of different minerals could be altered by adsorption of organic matter from crude oils creating different types and degrees of wettability.
A carbonate rock, which tends to adsorb simple organic acids from crude oils [8] , will commonly have weakly wetting conditions. Chilingar and Yen [9] have shown that carbonate reservoir rocks are commonly weakly oil-wet. On the other hand, a sandstone rock, which tends to adsorb simple organic bases [8] , is expected to be primarily waterwet. Conversely, Treiber et al. [10] reported that sandstone reservoirs do not have a common wettability condition. Also, a rock can have mixed wettability [11] .
Past Simulations of Surfactant Flooding
Using reservoir simulators to predict and understand the processes taking place during surfactant flooding is currently of renewed interest to the industry due to high current oil prices and thus the greatly increased interest in enhanced oil recovery. Over the past 30 years, surfactant flooding simulators have become more and more complex. In addition, the need for accurate surfactant flooding prediction is more important as enhanced oil recovery projects are getting more attention. Pope and Nelson [12] , Todd and Chase [ 1 3 ] , Dogru et al. [14] , Datta-Gupta et al. [15] and Scott et al. [16] were among the first to publish papers on surfactant flooding simulators.
Chemical flood simulators are used in academia and industry to help understand, optimize, interpret and design surfactant flooding processes. As with other simulators, surfactant flooding simulators are often used to history match and understand the results of core floods or field performance. In one example, Saad et al. [17] used the Chemical Compositional Simulator [UTCHEM] developed by University of Texas to history match su r f actan t flood and found among other things that caution exchange was an important factor in the success of the flood.
Kalpakci et al. [18] used a modified version of UTCHEM simulator to study and focused on harsh reservoir conditions such as high salinity and high temperature. The design was obtained by up-scaling from core-flood experiments to field scale. They determined that injecting a large slug of chemicals at low concentrations is optimum based on economics. The large up-front cost of chemicals derived from a small slug with high concentration can produce adverse economic results.
Wu [19] studied the surfactant flooding optimization for several field scale projects. His focus was primarily on onshore sandstone reservoirs, and his optimization study focused on chemical concentrations, slug sizes, and adsorption. In addition, an economic analysis was used to determine the optimum design. He concluded that a large surfactant slug size at low concentrations was the optimum design. However, it is important to understand that his results were heavily dependent on the low price of oil at the time of his study and on an assumed very low value of surfactant adsorption.
METHODOLOGY
This study divided into two phases, the first phase is a core-flood in a laboratory to obtain certain reservoir parameters such as porosity, permeability, initial oil and water saturation and permeability curve. These data are important to be incorporated into the simulator as the feed parameters. The second phase is a simulation to predict the performance and additional oil recovery under certain improved parameters such as slug size and surfactant concentration.
Simulation Model
The first step in this study was to develop a simulation model representative of the reservoir. The field operator provided properties such as reservoir dimensions, petrophysical parameters, and fluid properties. The reservoir is 4,700 feet deep, 100 o F, 100 feet thick, and has petrophysical properties indicative of a mixed-wet rock. Table 1 shows some of the petrophysical properties used in this study. The reservoir has uncharacteristically high residual oil saturation for a mixed-wet rock. However, studies like Tie and Morrow [20] show that this range of residual oil saturation is common in a carbonate rock. The reservoir fluid properties were also obtained from the field operator. Table 2 shows the fluid properties used in this study. A simulation model was developed according to these properties. The model was developed as a quarter 5-spot symmetry element with a pressure-constrained injector and producer. The symmetry element was based on a 40-acre well spacing, which is relatively large for surfactant flooding. The field operator also provided the producer and injector well constraints (300 psi and 2,500 psi bottom-hole, respectively), which were based on facility and reservoir fracture gradient limitations. The permeability field used in this model was developed by the field operator and is shown in Fig. (1) . As depicted in the figure, the reservoir is heterogeneous with high permeability layers in the middle and the top. This reservoir has had a long history of primary and secondary recovery. Therefore, a water-flood was simulated to obtain conditions similar to the current state of the reservoir. The simulation was run until a water cut of 98% was attained, resulting in 1.8 pore volumes injected. This simulation generated the initial oil saturation and pressure distribution for the surfactant flooding simulations. The average post-water-flood saturations and pressure are listed in Table 1 . Fig. (2) shows the oil saturation distribution and the effect of the high permeability layers which had the lowest post-water-flood oil saturation.
Surfactant Data
The surfactant used in this study was Dodecylbenzene Sulfonate based on the screening of its properties. David et al. [21] developed a screening process for the surfactant phase behavior to determine the compatibility with the crude oil and the optimum surfactant/co-surfactant/solvent blend. These experiments were used to determine the optimum salinity and corresponding IFT. Following the laboratory's screening test, the optimum surfactant formulation and phase behavior was used in this simulation study. The UTCHEM surfactant phase behavior parameters were obtained by curve fitting the laboratory solubilization ratio for several salinities. 
Laboratory Core-Floods
In addition, Berea and reservoir core floods were conducted to measure the performance of the surfactant. In particular, the surfactant retention was measured in several core floods and ranged from 2 to 4 g/g with an average value of 3 g/g. The dolomite cores contain anhydrite that is continuously dissolved at about 500 ppm of Ca 2+ , so this level of Ca 2+ pick up was accounted for in the design of injected slug and drive.
For this simulation study, the dissolution of Ca 2+ was not modeled. The process was assumed to occur instantaneously in the field-scale simulations and the phase behavior properties accounted for the Ca 2+ pick up at the initial conditions. Chemical screening experiments were conducted with 500 ppm Ca 2+ initially and these data were matched to obtain the UTCHEM parameters. Fig. (3) shows the relative permeability data obtained from the core flood analysis.
Fig. (1). Simulation model permeability (mD).
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Fig. (3).
Relative permeability at different water saturation.
Base Case Surfactant Design
Following the analysis of the laboratory data, a base case design was established. The base case simulation used the previously discussed well constraints and initial conditions. The well constraints are important for surfactant flooding because they can affect the life of the project. The surfactant flooding design was partly based on the laboratory core flood design. The laboratory design was used as the starting point but was up-scaled for a field size application. Table 3 shows a summary of base case design including slug sizes, chemical concentrations, and salinity. This design consisted of a 0.25 PV surfactant slug. The salinity gradient was also derived from laboratory experiments and can be a key parameter for the success of a chemical flood. The salinity gradient was important for this study because of the extreme changes in salinity throughout the chemical flood.
There were also several assumed values that went into the model. A value of surfactant adsorption was conservatively chosen within the values reported by the laboratory. The value used was slightly higher than the average lab value (0.3 mg/g compared to 0.2 mg/g). The capillary desaturation curve was also assumed using parameters as presented in Delshad [22] . The last assumption dealt with permeability. A ratio of vertical to horizontal permeability of 0.05 was used based on a recommendation from the field operator, but the actual value is unknown. An assumed value for the average permeability was used to correspond to the best part of the field. There are other regions in the field that have significantly lower permeability.
RESULTS AND DISCUSSIONS
The resulting curve fit for surfactant data is shown in Fig.  (4) . The optimum salinity for this surfactant/crude oil/brine solution was relatively high. The surfactant blend was designed in this fashion since the reservoir salinity of ~33,000 ppm is high. In addition, the IFT at optimum salinity is quite low. Using the Chen et al. [23] equation and the solubilization ratio at optimum salinity, an approximate value of 0.001 dynes/cm was expected. 
Base Case Results
Note that all fluid rates, masses, and volumes were reported for a full five-spot pattern even though the simulation model was a quarter of a five-spot symmetry element. Fig. (5) shows the base case injection rate and pressure throughout the chemical flood. The figure displays the changes in injection rate during each simulation phase. Fig. (6) shows the base case production rates and produced surfactant concentration throughout the chemical flood.
One important observation of surfactant flooding was the change in production rates during the flood. For this simulation, a dramatic increase in oil production rate could be seen. The pre-chemical flood rate was 35 bbls of oil per day and increased to a peak value of 720 bbls/day Fig. (6) . This corresponded to an increase in oil cut from 2% to 35%. Another important result shown in this curve was the breakthrough time of oil and surfactant (0.25 PV and 0.35 PV, respectively). The surfactant concentrations were low (<0.001 volume fraction) compared to the injected values (0.01 volume fraction). The base case simulation had a reasonable surfactant flooding cumulative oil recovery. The recovery was 27.8% of the original oil in place which is 42% of the remaining oil in place after water-flooding.
Fig. (5).
Injection rate and bottom-hole pressure profiles for base case simulation showing the injection rate was reduced to maintain the maximum bottom-hole pressure.
Fig. (6).
Oil and water production profiles for base case simulation. Oil production decrease after 0.35 pore volume of surfactant and water injected. Produced surfactant concentration also reduced with time.
The oil saturation was reduced to very low values in the high permeability layer at early times. One key result was the very low oil saturations near the injection well and in the high permeability layers. Figs. (7-9) show the base case oil saturation distribution at different times of the chemical flood. The figures show one three-dimensional profile of a slice through the wells and one 2D areal cross section of the high permeability middle layer. At the final time, a significant amount of oil was left in the low permeability layers (56% oil saturation). Fig. (7) . Base case oil saturation distribution after 0.2 pore volume of surfactant injected.
Fig. (8).
Base case oil saturation distribution after 0.35 pore volume of surfactant and water injected to the reservoir, surfactant and water start to breakthrough at the middle of reservoir. The surfactant concentration profiles show that the surfactant moved very quickly through the high permeability layers resulting in early breakthrough. The profiles of surfactant concentration at different times are shown in Fig.  (10-12) . Due to adsorption and production, almost no surfactant was left at the final time. The in terfacial tension was reduced to very low values near the well and in the high permeability layers. The profiles of IFT at different times are shown in Figs. (13-15) . These figures depicted the same results as the surfactant concentration profiles. This un-optimized base case simulation resulted in very promising oil recovery (27.8% OOIP). Fig. (13) . Base case interfacial tension (dynes/cm) distribution after 0.2 pore volume of surfactant injected to the reservoir. The IFT value surrounding area of injector wellbore start to reduced.
Sensitivity Analysis
A sensitivity analysis is important because a chemical project has significant risks based on financial, process, and reservoir uncertainties. Chemical flood simulations are dependent on a large number of variables used for reservoir description, fluid and rock properties and process design. Following the assessment of the base case simulation, a method of testing the sensitivity of each key process variable was generated with the intent of obtaining the optimum surfactant design and observing the effects of uncertain design parameters. Fig. (14) . Base case interfacial tension (dynes/cm) distribution after 0.35 pore volume of surfactant and water injected to the reservoir. The IFT of the reservoir reduced at the frontal area and increased again at the back because of water injected sweep the surfactant away. Fig. (15) . Base case interfacial tension (dynes/cm) distribution after 1.75 pore volume of surfactant and water injected to the reservoir. The IFT value increase back to the normal value after all of the surfactant pushed out to the producer well.
All sensitivity simulations were performed by adjusting one parameter at a time and leaving the remaining parameters identical to the base case. Table 4 summarizes all of the sensitivity designs and their results. The key parameters are surfactant which strongly control the oil recovery and mobility controls. Table 4 are the oil recovery, chemical efficiency, and simulation life. Chemical efficiency was calculated by dividing the mass of chemical injected (pounds) by the volume of oil recovered during the chemical flood (barrels). For the base case simulation, the oil and surfactant breakthrough times were 0.25 PV and 0.35 PV, respectively. If the reservoir were water-wet, the oil bank breakthrough time would be faster and the surfactant breakthrough time would be slower than in this mixed-wet case. This phenomenon is due to fractional flow effects based on differences in relative permeability for the different wettability conditions. The mobility ratio for the simulated surfactant flood in this mixed-wet reservoir was approximately 1.3. This mobility ratio for the same chemicals would have been about 0.6 for a water-wet reservoir, a much more favorable value [23] .
Listed in
Sensitivity Parameters
The parameters used in this analysis served the purpose of obtaining the optimum design and testing the effects of key uncertain parameters. The parameters used to obtain the optimum design were surfactant concentration, surfactant slug size, and salinity. The value used for surfactant concentration affects the surfactant mass affecting both the oil recovery and economics of the project. Changes in surfactant concentration also affect the retardation factor of the surfactant slug. The retardation factor or frontal advance loss is defined as the loss of frontal velocity due to adsorption and has the units of pore volumes [24] .
The surfactant slug size also affects the surfactant mass affecting both the oil recovery and economics. Changes in surfactant slug size will also result in slight changes in the salinity gradient. A longer surfactant slug will have a less steep salinity gradient compared to a shorter surfactant slug.
Salinity gradient is the last parameter used for surfactant design optimization. The key effects of salinity gradient are the changes in surfactant phase behavior during the flood. Pope et al. [25] presented results that show maximizing the region of ultra-low interfacial tension is optimum for surfactant flooding. Their conclusion was to design the salinity gradient so that the front of the surfactant slug has greater than optimum salinity, the middle of the slug is at optimum salinity, and the tail of the slug has lower than optimum salinity. 
Surfactant Concentration Results
A range of surfactant concentrations from 0.5 to 1.5 vol% were tested for comparison with the base case (1 vol%). As expected, the surfactant concentration was directly related to the oil recovery. The base case simulation with 1 vol% surfactant concentration had an oil recovery of 27.8% OOIP whereas the lower concentration (0.5 vol%) and higher concentration (1.5 vol%) simulations had recoveries of 17.5% and 35.2%, respectively. The simulations had a range in retardation factors from 0.3 PV (1.5 vol% surfactant) to 0.9 PV (0.5 vol% surfactant). Since the base case simulation was designed to inject a 0.25 PV surfactant slug, it would be expected that these simulations would have very adverse results. However, recall that the surfactant primarily sweeps the high permeability layers. This means the calculated retardation factors, which were based on the entire reservoir pore volume, gave overestimates according to the actual swept pore volume. Conversely, the simulation with lower concentration resulted in an improved efficiency ($13.5/bbl). These values were calculated using a surfactant price of $2.75 per pound. Therefore at these assumed prices, the simulation with the lower injected surfactant concentration was the optimum for this key parameter regardless of the adverse retardation factor. Fig. (16) . Cumulative oil recovery profiles for different surfactant concentrations.
Surfactant Slug Size Results
Surfactant slug size was another key parameter studied in this sensitivity analysis. The higher slug size will cause a lower IFT inside the reservoir. The range of slug sizes tested was from 0.15 PV to 0.5 PV. The results of these simulations are shown in Table 4 and a comparison of the cumulative oil recoveries for each are depicted in Fig. (17) . Compared to the base case, the simulation with the highest oil recovery was the 0.5 PV slug size as expected. This simulation was the only one that injected surfactant long enough to overcome the retardation factor. Even though the 0.5 PV simulations had the highest oil recovery, it had the worst chemical efficiency ($20.1/bbl). The simulation with the best chemical efficiency was the 0.15 PV case which actually had the lowest recovery. Fig. (17) . Cumulative oil recovery profiles for different surfactant slug size.
Salinity Gradient Results
The last design optimization parameter was the salinity gradient. Sensitivity to the salinity gradient was analyzed by running two simulations. One of which was designed with a slightly lower slug salinity and the other with slightly lower polymer drive salinity. These simulations will affect the surfactant phase behavior and permeability reduction. The results of these simulations are shown in Table 4 . These simulations resulted in nearly identical oil recoveries and chemical efficiencies compared to the base case.
Uncertainty Analysis
The parameters used to study the reservoir and chemical uncertainty were surfactant adsorption, vertical to horizontal permeability ratio (k v /k h ), average permeability and the dependence of the oil saturation on capillary number. The surfactant adsorption was determined in laboratory experiments in a parallel study. As a result of that study, ranges of values for surfactant adsorption were presented. In this study, the effect of values within that range and beyond was tested. The primary effects of surfactant adsorption were changes in the retardation factor and the amount of surfactant required.
The vertical to horizontal permeability ratio is important for establishing reasonable vertical sweep efficiency during the surfactant flooding process. A value for this reservoir is 0.05. A lower value of 0.01 was used in this uncertainty analysis. The permeability is variable within the reservoir in this study. The base case simulation model was based on the "sweet" spot of the reservoir that had the highest permeability. It was expected that lower permeability regions would have similar oil recovery but will have changes in permeability reduction and project life. As a result, the economics of the project would be drastically reduced. For this study, a permeability field with half the average horizontal permeability was simulated.
The last uncertain parameter was the oil capillary desaturation curve. The base case values used for this study were based on Delshad [22] . To test the effect of this parameter, a more adverse oil capillary number was simulated by shifting the oil capillary desaturation curve to the right. This can significantly affect oil recovery when low IFT is the primary mechanism.
Surfactant Adsorption Results
The first uncertainty parameter was surfactant adsorption. A range of values from 2 g/g to 10 g/g was tested. These values suggest a retardation factor ranging from 0.15 PV to 0.9 PV, which can be compared to the surfactant slug size of 0.25 PV. Lower adsorption of surfactant will maintain the reservoir at lower IFT for a long time. As expected, the lower adsorption values gave higher oil recovery. The value closest to the most recent laboratory adsorption result using a reservoir core of 2 g/g resulted in a significantly higher recovery of 39.2% OOIP. Fig. (18) shows a comparison of cumulative oil recovery for surfactant adsorption sensitivity analysis. Fig. (18) . Cumulative oil recovery profiles for different surfactant adsorption to the reservoir rock.
Vertical Permeability Results
The vertical to horizontal permeability ratio was also an uncertain parameter. A lower value of 0.01 was tested for comparison with the base case value of 0.05. The result is shown in Table 4 . A reduction in the k v /k h resulted in an unexpected increase in oil recovery (29% OOIP). This simulation had higher channeling effects due to the lower k v /k h resulting in less cross flow from the high permeability layers into the lower permeability layers. The increase in oil production came primarily from the upper permeability layer, which had improved areal sweep efficiency as a result of increased surfactant c oncentration throughout the flood.
Horizontal Permeability Results
The next uncertainty parameter was the reservoir permeability, which differs throughout the field. For this uncertainty simulation, the permeability used in the base case was reduced by a factor of two. It was expected that two effects would occur: extended simulation time and increased permeability reduction. The result is shown in Table 4 . The oil recovery was only slightly reduced to 27.3% OOIP but the simulation life was more than doubled. The reduction in permeability and the increase in permeability reduction severely reduced the injectivity. This uncertainty suggests that surfactant flooding the lower permeability region of this reservoir shows more risk and should be designed carefully.
Capillary Desaturation Results
The last uncertainty parameter was the oil capillary desaturation curve. The base case model assumed values provided in Delshad [22] . For this uncertainty simulation, a more adverse oil desaturation curve was used (lower oil trapping parameter with the curve moved to the right). The result is shown in Table 4 . As expected, the oil recovery was reduced (25.2% OOIP). However, the reduction in recovery is not as severe as it could have been.
CONCLUSIONS
The simulation model for this study was based on mixedwet dolomite reservoir. The field has undergone many years of water-flooding and is currently producing at 1-2% oil cut. The reservoir also has a high remaining oil saturation, which makes this field an EOR candidate. The reservoir, petrophysical, and fluid properties were obtained from the field operator and a simulation model was developed accordingly. The key property of the reservoir is the highly heterogeneous nature with noticeable layering.
A base case simulation was designed according to the laboratory core-flood design, which was scaled up to the field. The base case simulation resulted in a recovery of 28% OOIP. Most of the production was from the high permeability layers and resulted in early oil and surfactant breakthrough. A sensitivity analysis was performed to optimize the surfactant design. The surfactant mass was the key parameters studied. As expected, increasing the surfactant mass resulted in higher o i l recovery. For example, additional 35.5% of OOIP was recovered by using 1.5 vol% of surfactant concentration. Lower recovery achieved at 17.5% of OOIP by using 0.5 vol% of surfactant concentration. However, the economic results did not necessarily follow the same trend; higher surfactant concentration gave higher chemical cost per barrel of oil.
Surfactant slug size also plays major contribution to the oil recovery. Fifty percent pore volume of reservoir injected with surfactant gave highest recovery of 38.3% OOIP while only 20.2% of OOIP recovered when 15% pore volume used. This condition proves a higher volume of surfactant required in order recovering more oil from the reservoir but again the limitation in term of economic sentiment must be considered as well. A value of adsorption closest to the recent laboratory data gave very promising results. At higher adsorption rate, less oil will be recovered because the surfactant concentration will dramatically reduce and lost inside the reservoir. Other uncertainty results indicate that s u r f a c t a n t flooding this reservoir is profitable even with adverse conditions. For example, simulation result at low average reservoir permeability of 78 mD gave additional 27.3% OOIP. This is significant indicator that by introducing this kind of surfactant into the reservoir, substantial amount of oil can be recovered from reservoir but subject to economical of the reservoir life.
The research presented was a preliminary study performed under time constraints. Given this constraint, a limited number of sensitivity parameters and simulations were run. In the future, the study should include other parameters including residual oil saturation, surfactant phase behavior, well spacing, and grid refinement. One important obstacle of this study was designing within the field's well constraints, an important design parameter that can affect the project life and chemical behavior during the flood. Another important obstacle was the reservoir heterogeneity and wettability. These are the most important factors affecting the surfactant flooding performance.
